Background. Pharmacokinetic/pharmacodynamic (PK/PD) parameters of neuromuscular blocking agents (NMBAs) are generally assumed to be dose-independent. To our knowledge, there are very few clinical reports where the PK/PD parameters of a NMBA were derived separately for each dose group during a formal dose-ranging study. The primary objective of this study was to challenge a potential dose-dependency of cisatracurium PK/PD parameters by conducting a well-controlled experimental study.
Over the range of doses used in clinical practice, the equilibration rate constant between plasma and effect compartment concentrations (k e0 ) is believed to be concentration independent for most drugs. 1 However, this may not be the case after high bolus doses of drugs that reach maximum effect within the first 2 min of i.v. administration. There are very few reports where the PK/PD parameters of neuromuscular blocking agents (NMBAs) were derived separately for each dose group during a formal dose-ranging study. In a study 2 comparing the PK parameters of three different i.v. bolus doses of cisatracurium besylate (0.075, 0.15, and 0.3 mg kg 21 corresponding to 1.5, 3, and 6ÂED 95 ) in anaesthetized patients, we previously observed a dose-dependent effect on pharmacokinetic/pharmacodynamic (PK/PD) parameters. These changes were observed without affecting the dose proportionality of PK parameters. This dosedependency may have resulted from methodological factors because the plasma concentration profile was not characterized properly during the first 2 min. 3 Similar changes in the dose-effect relationships had previously been reported for vecuronium in patients when using PD modelling. 4 These changes were later confirmed using a traditional PK/PD approach. 5 Finally, clinical evidence has also been provided that the dose-response relationship of an NMBA may depend on the administration rate when high bolus doses are given. Dose requirements of cisatracurium were found significantly greater when given by high bolus (8ÂED 95 ) than with continuous infusion during cardiac surgery. 6 The question whether PK/PD data obtained after very high bolus doses of NMBA should be included in a classical Sigmoid E max model remained to be investigated. The primary objective of this study was to challenge a potential dose-dependency of cisatracurium PK/PD parameters by conducting a well-controlled experimental study.
Methods

Study design
The study was conducted as a two-period, randomized cross-over design including a washout period. Purposebred dogs were naïve animals kindly donated by a pharmaceutical company. Dogs were randomly allocated to two groups. Group A first received the low dose (1.5ÂED 95 ) whereas Group B first received the high dose (6ÂED 95 ). To provide a maximum control on experimental conditions, four persons were responsible for drug administration, arterial blood sampling, PD monitoring, or sample processing. Their respective roles remained unchanged throughout the study.
Chemicals
A commercial preparation of cisatracurium besylate (Nimbex w , Abbott Canada Ltd, Montréal, Québec, Canada) was used. The internal standard (n-methyl laudanosine) was provided by Glaxo-Wellcome (Stevenage, UK). All solvents were of high performance liquid chromatography (HPLC) grade and purchased from Anachemia (Montréal, Québec, Canada).
Experimental conditions
The experimental protocol was approved by our institutional Animal Care Committee and was in accordance with the Canadian Council on Animal Care. Veterinary care and housing facilities met Good Animal Practice standards. For the study, eight adult male beagles (7.5 -10.5 kg) were singly housed and maintained under a 12 h light/ dark cycle at 21 (0.9)8C and 50 (10)% relative humidity. Food was freely available up to 18 h before experiment. Water was not restricted. 
General anaesthesia
Animal preparation
After satisfactory level of anaesthesia and stability of physiological parameters were achieved, the left femoral vein was cannulated for cisatracurium and pentobarbital administration. The right femoral artery was cannulated for blood sampling. A three-way stopcock was installed on the arterial line for arterial pressure monitoring. Haematocrit was measured after administration of each dose and at the end of the experiment. Heart rate was monitored via the arterial pulse. An electromagnetic flow probe (3 mm ID, model FR-030T, Nihon Kohden, Tokyo, Japan) was installed on the left femoral artery and connected to a polygraph system (model RM-6000, Nihon Kohden) for muscle blood flow measurement. The animal was kept warm using a heated surgical table and an insulated sheet. Central body temperature was monitored by means of a rectal probe and kept constant throughout the experiment with a controller. At the end of the experiment, animals were euthanized using an overdose of pentobarbital and saturated KCl.
Neuromuscular monitoring
The medial antebrachial cutaneous nerve was stimulated supramaximally (40 -70 mA) at the right forelimb through surface electrode with a train-of-four (TOF) stimulation. Impulses of 0.2 ms duration were delivered at a frequency of 2 Hz for 2 s. TOF stimulation was repeated every 12 s. The resulting force of contraction was measured using a force transducer (Grass F-10). A stabilization period where the tension of the first twitch (T 1 ) in the TOF did not change (baseline value) was allowed before injection of cisatracurium. Time zero for PD measures corresponded to 6 s before drug injection to ensure that PK samples (drawn every 6 s during the first minute) were synchronized with the beginning and middle of each 12 s TOF interval. Muscle relaxation was monitored continuously until full recovery. During the washout period, neurostimulation was stopped. A new baseline value was obtained before the second dose.
Blood sampling
After stabilization of anaesthesia and TOF response, a blank sample was drawn before the first bolus dose of cisatracurium besylate was administered. Drug administration was similar for both doses. I.V. tubing was pre-filled with the injectable drug solution and flushed completely over 2 s ($1/4 volume per 0.5 s). For the first minute, arterial blood was let to flow freely from a cannula into 2 ml Eppendorf tubes that were changed every 6 s. The diameter of this cannula was selected such that $1 ml of blood could be collected in a 6 s interval, yielding $0.5 ml plasma. Thereafter, arterial blood samples (2 ml) were drawn directly from the stopcock and transferred into heparinized tubes at 1.5, 3, 5, 7, 15, 30, 45, 60, and 80 min. Additional samples were obtained for the higher dose when full recovery was not reached. After a washout period, a blood sample was drawn immediately before the injection of the second bolus (to document the residual plasma concentration, if any) and thereafter, as described above. The volume of blood obtained was replaced by saline. To minimize the in vitro degradation of cisatracurium, samples were kept in an ice water bath and centrifuged within 2 min at 48C. Plasma was then transferred into pre-acidified tubes (30 ml of 2 M H 2 SO 4 ) to obtain a final pH between 3 and 4, then frozen immediately on dry ice. Samples were stored at -708C until analysis.
HPLC analysis
Plasma concentrations of cisatracurium were determined using a HPLC coupled to a fluorescence detector set at 280 nm (excitation) and 320 nm (emission). Bond-Elutw phenyl solid-phase extraction cartridges (Varian, Harbor City, CA, USA) were used for extraction of cisatracurium from plasma. The method published by Bryant and colleagues 7 for urine samples was slightly modified and validated for plasma in our laboratory. Cisatracurium was separated from its major metabolites on a Spherisorb SCX column (150Â4.6 nm ID, 5 mm; Phenomenex w , Torrance, CA, USA), using a stepwise gradient (Thermo Separation Products, Riviera Beach, FL, USA). The mobile phase changed from a first phase (14 mM Na 2 SO 4 in 0.5 mM H 2 SO 4 :acetonitrile:H 2 O 40:60:6) during 5 min to a second phase (70 mM Na 2 SO 4 in 0.5 mM H 2 SO 4 :acetonitrile 40:60) during 6 min. The solvent flow rate was 2 ml min 21 and the column maintained at 508C. This assay proved to be sensitive (lower limit of quantification, 6.5 ng ml 21 ), precise (mean coefficient of variation, 11%), and linear up to 2500 ng ml 21 (r 2 : 0.995). Samples obtained during the first minute were diluted with control plasma before extraction. Dilution algorithms were established during preliminary experiments. When samples still exceeded the upper limit (generally between 30 and 90 s), samples were further diluted and re-assayed. This procedure has been previously validated. When running diluted samples, a diluted quality control sample was extracted at the same time. The mean coefficient of variation for precision was 3.3% with an overall bias of 5.4%.
Pharmacodynamic analysis
Only the first twitch response (T 1 ) to the TOF was considered. The degree of neuromuscular block was expressed as the percentage of twitch height depression relative to the T 1 baseline value. The first times where recovery reached final T 1 value and full recovery (T 1 ¼T 4 ) were recorded. Onset time was defined as the time required for reaching maximum block after drug injection. Clinical duration was the time comprised between injection and recovery of twitch height to 25% of its baseline value. Recovery index, or the time elapsed between 25% and 75% twitch height recovery, was also measured.
Dose linearity of pharmacokinetics
Linearity in PK of the complete data sets was first verified using standard non-compartmental methods (WinNonLin Pro, Pharsight Corp, version 5.2). During the first minute, the time assigned to each sample was the midpoint of the 6 s sampling interval. The terminal elimination rate constant, k el , was determined by log linear regression. Dose-normalized area under the curves (AUCs) of the plasma concentration vs time curve for the first minute (AUC 0 -1 ) and for time zero to infinity (AUC 0 -1 ) were calculated using trapezoidal integration. The maximum plasma concentration (C max ) and time to reach C max (T max ) occurring during the first minute were read directly from the experimental data.
Non-parametric PK/PD analysis
All individual PK/PD analyses were performed using NONMEM VI (GloboMax LLC, Hanover, MD, USA). We used a non-parametric approach 5 8 where concentrations between the preceding and the subsequent measured values are interpolated as a straight line when the concentrations are increasing and as a simple log-linear function when the concentrations are decreasing. The convolution of this with k e0 . e 2ke0 t calculates the effect-site concentration -time profile. The effect site was then assumed to be linked to the plasma by a compartment of trivial volume with a first-order equilibrium constant (k e0 ). The sigmoid E max model was used to correlate the effect with the effect compartment concentration, thus computing the effect compartment concentration at 50% of maximal effect (EC 50 ) and the slope factor (g). E max values fixed to 100% or estimated were tested. Values for dosenormalized EC max (EC max /D) and T ECmax were also estimated.
For the initial analysis, we used a two-stage approach in which the PK/PD values for each animal and each dose are determined independently. To determine whether the PK/PD parameters of cisatracurium varied as a function of dose, data from both doses were analysed simultaneously. Two types of analyses were performed for each individual: (i) values for k e0 , EC 50 , and g were assumed to be identical for both doses and (ii) values for k e0 , EC 50 , and g were permitted to vary between doses. Goodness of fit was indicated by an improvement in the NONMEM objective function and by visual inspection of the fit of predicted vs observed values.
Statistical analysis
On the basis of our previous study, 2 a sample size of 8 was estimated to provide 80% power to detect a 25% difference in the EC 50 for the low and high dose with the expected standard deviation of +27 ng ml 21 at an alpha significance level of 0.05 (SigmaStat, version 3.1; Systat Software, Inc., Point Richmond, CA, USA).
Physiological values, PD, PK, and PK/PD parameters obtained in each animal after the high and low doses were compared using a paired t-test with resampling technique 9 using Insightful software version 8 (Seattle, WA, USA). NONMEM objective function (22 log likelihood values) from the analyses in which k e0 , EC 50 , and g were permitted to vary between doses were also analysed using a paired sample t-test with resampling technique to determine whether this dose-related effect was systematic.
An analysis of variance (ANOVA) test was also carried out to exclude the presence of sequence or period effect for PD and PK/PD parameters (R 2.6.2 Software, the R Foundation for Statistical Computing). The factors included in the ANOVA were sequence, period (first vs second administration), treatment (high or low dose), and subjects nested within sequence. Therefore, results are presented as individual data (n¼8) and expressed as mean values (SD) in the summary tables. The threshold for statistical significance (a) was set at 0.05.
Results
Physiological parameters are reported in Table 1 . Arterial pressure, heart rate, and hind limb vascular resistance were stable throughout the experiment (baseline and onset time data presented only). Haematocrit was similar during the first and second period [38% (4%) vs 38% (4%), respectively].
The experimental time flow for each randomization sequence is summarized in Table 2 . For the baseline value, a stabilization period of $5 min was allowed before injection of cisatracurium. Times to recovery to final T 1 value and T 1 ¼T 4 did not differ markedly. Recovery was assumed complete after a stable period of T 1 ¼T 4 of $5 min.
Return to 100% of baseline value was observed in four (low dose) and three dogs (high dose). When the final T 1 response did not return to the baseline value, all recovery parameters based on the twitch height were adjusted to the final T 1 value (normalization). After the low dose, normalization ranged from 95% to 107% (n¼4) whereas it ranged from 89% to 111% (n¼5) for the high dose. A systematic bias was ruled out statistically.
All eight dogs reached 100% neuromuscular block after both doses (Table 3) . After the high dose, 100% block lasted for 44-59 min (mean¼52 min). Onset time after the higher dose was decreased by approximately two-fold compared with the lower dose. After the high dose, 4-8 measures of muscle twitch (mean: 6.6) that were not the 0 and 100% values were observed during onset of block. Clinical duration and recovery times were increased by more than two-fold after the high dose. No statistical difference was observed for the recovery index.
For illustration purposes, mean dose-normalized cisatracurium plasma concentrations vs time observed for each dose group were adjusted to a 0.1 mg kg 21 dose and found to be superimposable (Fig. 1) . Individual dose-normalized plasma concentrations observed during the first minute after the low and high dose are presented in Figure 2A and B, respectively. Before dose administration, cisatracurium plasma concentrations were always below the lower limit of quantification, thus confirming an adequate washout period. Cisatracurium peak concentrations occurred between 12 and 30 s dosing in dogs. Non-compartmental PK parameters are listed in Table 4 . Mean terminal elimination half-lives (T 1/2 b) for the 0.15 and 0.6 mg kg 21 dose were 17.6 and 17.8 min, respectively. No dose-dependency in any PK parameters was observed.
Mean dose-normalized cisatracurium effect compartment concentrations at each dose level are shown in Figure 3 . At the time of the second dose, predicted effect compartment concentrations of cisatracurium were negligible. The hysteresis curves observed between plasma concentration and effect after a high and low dose in a representative dog are presented in Figure 4A . Using non-parametric PK/PD analysis, the corresponding sigmoid E max curves derived from the observed effect and predicted effect compartment concentration are presented in Figure 4B . Table 5 shows the stepwise decrease in NONMEM objective function values (22 log likelihood) for the investigated models. The largest decrease was observed with k e0 (step 1). Then, addition of EC 50 further decreased the objective function value (step 2). However, there was no significant benefit to adding distinct values of g for the two dose groups (step 3). With the final model, k e0 values were typically two-fold lower after the high dose compared with the low-dose values. A typical example of the collapsed hysteresis curve is presented in Figure 5 . Sigmoid E max curves were shifted to the right resulting in a 38% higher predicted EC 50 for the high dose (Table 6 and Fig. 4B ). Predicted E max was used because the objective function was slightly better than when E max was fixed to 100%. Only minor differences (,1%) were observed for the PK/PD parameters between the two approaches. Individual data for k e0 and EC 50 at each dose level are represented in Figure 6 . The results of the ANOVA showed no evidence of a statistically significant sequence or period effects for PK/PD parameters k e0 , EC 50 , T ECmax and EC max /D (power .80%).
Discussion
Using a non-parametric PK/PD approach and a descriptive sigmoid E max model, a dose-dependent effect on the PK/ PD parameters of cisatracurium was observed in anaesthetized dogs. Mean EC 50 values increased and mean k e0 values decreased by almost 50% after the high bolus dose. Several factors have to be considered in the interpretation of this dose-dependency.
When conducting the animal study, experimental conditions were rigorously controlled to avoid any systematic bias. As both low and high bolus doses were given in each dog, any period, sequence effect in the cross-over design, or both was statistically ruled out before pooling data. At each dose level, there were no significant changes in muscle blood flow or hind limb vascular resistance during onset time when compared with baseline values, excluding changes in regional haemodynamics as a potential bias. Instead of giving a continuous infusion, small doses of pentobarbital were given when indicated by corneal reflex. This approach was preferred because, once catheters were installed, there were no manipulations of the animal. These small doses did not produce any noticeable effect on physiological parameters. It is well recognized that the blood sampling schedule during the first minute after a bolus of a neuromuscular blocking agent may have a significant impact on the estimation of its PK and, in turn, PK/PD parameters. 10 -12 Plasma concentrations were therefore measured frequently during the first minute after each administration of cisatracurium to our dogs. We have first confirmed that the PK parameters of cisatracurium obtained for the complete and first minute data sets were both linear before proceeding to the PK/PD analysis. Therefore, the dose-dependent effects are not likely to result from differences in the central PK.
Given the four-fold difference in dose, a higher span of plasma concentrations were observed at a given degree of block during onset of action (ascending limb) while the concentrations associated with a given effect did not vary greatly during recovery (descending limb) of the hysteresis curves (Fig. 4A) . This difference did not have a major impact on the efficiency of the link model since plasma concentrations from both the onset and the recovery limbs were adequately collapsed, and that, independently of the dose given (Fig. 5) . Many data points were either 0% or 100% after the higher dose, rendering the collapsing of the hysteresis loop mostly dependent on the ascending and descending limbs. This potential modelling artifact cannot be excluded; however, it is unclear to what extent it may contribute to the rightward shift of the effect vs effect compartment concentration curve after the higher bolus dose. Table 6 PK/PD parameters in pentobarbital-anaesthetized dogs after sequential administration of two doses of cisatracurium. EC 50 , effect compartment concentration at 50% of maximal observed effect; T ECmax . time required to reach EC max ; EC max /D, dose-normalized maximum concentration in effect compartment; E max , maximum block; k e0 , effect compartment equilibration rate constant; g, slope factor. Parameters were normalized for a 0.1 mg kg 21 dose. Dogs were randomized for sequence (n¼8 Onset time (T Emax ) is dose-related when NMBAs are given at doses producing complete block. 13 Conversely, time to peak effect compartment concentration (T ECmax ) coincides with onset time only when the pharmacological effect is submaximal and had therefore to be derived mathematically for the present study. Although T ECmax is generally assumed to be dose-independent, 1 it was significantly delayed after the higher dose in our dogs. Thus, a shorter onset time was associated with a longer T ECmax . This apparent discrepancy can be explained by the fact that, for a given drug, calculated T ECmax depends solely on the plasma -effect compartment equilibration rate (k e0 ) . It is noteworthy that a shorter onset is not always associated with a faster k e0 as this proved to be the case for succinylcholine.
14 Since the rate-limiting factors for k e0 and onset times are different, the net effect may differ.
The equilibration rate k e0 lumps together access to the receptor and any other post-receptor event that might contribute to time delays in response. As previously mentioned, the equilibration rate k e0 is believed to be concentration independent for most drugs at doses generally used in clinical practice, and is thus presented as a constant value. 1 However, this appeared not to be the case in our study where a significant decrease in k e0 was observed in the higher bolus dose group. According to our stepwise exploration, there was a statistically significant improvement in the objective function, when k e0 values were allowed to change in the two dose groups. The first determinant single parameter for adequate fitting of the PK/PD model was k e0 , whereas changes in both the EC 50 and the k e0 came second. At high input rates, plasma concentrations increase more rapidly than do effect-site concentrations. As a result, circulation delays and effect site/ plasma equilibration times become determinant. 15 In view of its high molecular weight, low lipid solubility, and ionic nature, the transcapillary transfer of cisatracurium is expected to be mostly restricted to pores.
14 In the human forearm, the intercellular pore radius is $16 nm. 16 In addition, muscle capillaries present numerous membranous vesicles 17 that, after transient fusion, would create transendothelial channels or 'small pores'. 18 It is unknown whether these pore sizes are different in canines, but capillary permeability in the muscle tissue was found similar across mammalian species. 19 In addition, microperoxidase (molecular weight of 1900, and molecular span of 2 nm) was found to diffuse readily through the small pore of muscle capillary in rats. 20 Since the molecular span of many NMBAs is $2 nm between both quaternary amines, 21 transcapillary exchange should not be a ratelimiting step for cisatracurium. Muscle interstitial concentrations of rocuronium measured by microdialysis under steady-state conditions were found equivalent to those predicted for the effect compartment. 22 Although cisatracurium is a larger molecule, it appears unlikely that restricted access to muscle interstitial space is responsible for the dose-dependency.
In our opinion, the mechanisms underlying the nonlinearity of the predicted effect compartment concentration of cisatracurium after a high bolus dose would most probably occur within the synaptic cleft itself. Although no anatomical barriers prevents diffusion of drugs from muscle interstitial space into the synaptic cleft, 23 there is a limited space (30-50 nm) available for diffusion of NMBAs within the synaptic cleft itself. 24 After a high bolus dose, a transient increase in the unbound concentration of cisatracurium may occur as nicotinic receptors and non-specific sites become suddenly occupied, thus reducing the concentration gradient of unbound cisatracurium between the interstitial fluid and the synaptic cleft. Owing to the very high density of nicotinic receptors, a slower diffusion of NMBAs into this restricted space may ensue. The nerve terminal would also represent a physical barrier to the diffusion of NMBAs out of the cleft, thus enhancing the repetitive binding to acetylcholine receptors. 25 This concept of 'buffered diffusion' was recently tested 26 and simulations predicted that time to peak effect would decrease when submaximal bolus doses of NMBAs are increased. However, our findings suggest that this may not apply for high bolus doses. All these mechanisms related to 'steric hindrance' may explain why the effect compartment concentration associated with a given effect is larger after the higher dose of cisatracurium (Fig. 4B) .
If steric hindrance is an issue, this effect should disappear during the recovery phase when the rapid changes in concentrations have stopped. Recovery is more akin to a steady-state situation. It would have been interesting to compare these results with post-tetanic count. It is a wellestablished method of evaluating neuromuscular recovery during intense block 27 and constitutes an excellent means to distinguish between intense and deep blocks, which may have allowed some better quantification. 28 Experimental confirmation of these hypotheses was beyond the scope of this study but deserves further investigation.
Dose-dependent changes in the sensitivity of the neuromuscular junction were also observed in our dogs after the higher bolus dose of cisatracurium. Molecular span, but also factors such as the flexibility of the molecule and its conformation in the biophase at the moment of interaction with the acetylcholine receptors, would impact on the onset time and duration of action of NMBAs. 29 The size of the active cation has once been suggested as a limiting factor influencing the rate of onset of NMBAs. 30 Thus, physicochemical interactions as a potential mechanism should not be overlooked. Indeed, a good correlation was shown between EC 50 values obtained in anaesthetized patients and molecular weight for a series of NMBAs. 14 This finding is in agreement with the hypothesis that a restricted diffusion within the synaptic cleft may alter the potency of NMBAs.
As mentioned previously, there are very few reports where the PK/PD parameters of a NMBA were derived separately for each dose group during a formal dose-ranging Dose-dependency of PK/PD parameters study. A parametric population approach was applied to data gathered from 241 patients having received up to an 8ÂED 95 bolus dose of cisatracurium during eight prospectively designed phase I-III studies. 31 Their mean estimates for k e0 and EC 50 values are almost identical to those reported in the study by Bergeron and colleagues 2 when compared with the mean value of the three doses. However, the interpatient coefficients of variability in the population analysis were higher (61% and 52%, respectively) than those reported by Bergeron and colleagues 2 for each dose group (both ,20%). As dose impact was not tested (considered as a covariate) in NONMEM population analysis, the possibility of a dose-related change in the PK/PD parameters was not examined.
Our findings clearly indicate that PK/PD data obtained after i.v. bolus doses that are beyond those used in clinical practice should be tested for linearity of PK/PD estimates before including them in the general model. For illustration purposes, using PK/PD parameters obtained after an intubating dose of cisatracurium to predict the effect after a high bolus dose would yield faster onset and recovery times than were actually observed (Fig. 7) . Alternately, if PK/PD parameters obtained for the high dose of cisatracurium were used to simulate the effect after an intubating dose, the predicted peak effect would be highly underestimated (Fig. 8) and this would eventually lead to overdosing. These results have important clinical implication as an accurate estimate of the EC 50 is desirable for targetcontrolled infusion systems. In our opinion, PK/PD parameters derived after an intubating dose of cisatracurium would be more reliable.
In conclusion, after 1.5 and 6ÂED 95 bolus doses of cisatracurium, the effect compartment concentration at 50% block (EC 50 ) increased and the effect compartment equilibration rate constant (k e0 ) decreased at the higher dose when using a descriptive sigmoid E max model. As this study was meant to be descriptive rather than mechanistic, it is not possible to delineate whether the PK/PD dose-dependency is a real phenomenon or a modelling artifact. Only hypotheses regarding the factors responsible for the dose-related changes in PK/PD parameters can be formulated and further confirmatory studies are required. However, these results indicate that dose impact should be tested when data gathered during dose-ranging studies are pooled to derive population PK/PD parameters. This is particularly the case after i.v. bolus doses of drugs with a rapid onset of action. 
